Abstract: A rice lesion mimic mutant, lm3, was obtained by the mutagenesis of an indica cultivar, 93-11, using γ-ray radiation. Brownish lesions appeared on the leaves of lm3 at the young seedling stage and persisted until the ripening stage. The lm3 mutant was characterised by a shorter plant height and delayed heading compared with the wild-type 93-11. A genetic analysis indicated that the lesion mimic phenotype was controlled by a single recessive gene. Using simple sequence repeat (SSR) markers, the target gene LM3 was first located between marker RM5748 and RM14906 on chromosome 3. We then developed Insertion-Deletion (InDel) markers to fine-map LM3, and the locus was localised to a 29 kb region defined by two InDel markers, In12571 and In12600. Five ORFs were predicted in the candidate region, and DNA sequencing detected a single-nucleotide polymorphism (SNP) in the coding region of LOC Os03g21900. The SNP in the fourth exon (C in 93-11; T in lm3) of LOC Os03g21900 results in the substitution of a proline (P) with a serine (S) at the 140 th amino acid of the deduced uroporphyrinogen decarboxylase protein. We did not detect polymorphisms in the other predicted ORF regions between lm3 and 93-11. These results suggest that LOC Os03g21900 is the most likely candidate gene for LM3.
Introduction
Cell death often occurs during plant-pathogen interactions to protect the plant from pathogen attack. Host cell death manifests as the rapid collapse of tissue, termed the hypersensitive response (HR), to confine the pathogen by stopping it from spreading from the site of invasion (Dangl et al. 1996; Tsunezuka et al. 2005 ). The HR is often accompanied by programmed cell death (PCD) to prevent the growth of biotrophic pathogens (Fujiwara et al. 2010) . To investigate the roles of HR cell death in plant immune responses during plant-pathogen interactions, a class of mutants called lesion mimic mutants (LMMs) have been widely used. Most LMMs are known to activate immune responses in the absence of pathogens (Fujiwara et al. 2010) and to exhibit spontaneous cell death phenotypes, providing an appropriate platform to study HR cell death and elucidate the PCD pathways in plants (Lorrain et al. 2003) .
Plant LMMs have been reported in various plants, including maize, Arabidopsis, barley and rice (Mizobuchi et al. 2002a; Yamanouchi et al. 2002; Lorrain et al. 2003; Kang et al.2007; Ueno et al. 2007; Wu et al. 2008; Qiao et al. 2010) . LMMs have also been called spotted leaf mutants or brown leaf spot mutants by some investigators (Mizobuchi et al. 2002b; Zeng et al. 2002; Wu et al. 2008; Chen et al. 2009 ). Rice LMMs have been isolated from natural variants or by chemical and physical mutagenesis, and more than 100 rice LMMs have been found to date (Liu et al. 2003) . Genetic analysis has indicated that the majority of rice LMMs are controlled by single recessive or dominant genes (Wu et al. 2008; Huang et al. 2010; 2011) . Seven rice lesion mimic (or spotted leaf) genes have been cloned: Spl7, Spl11, OsLSD1, OsAT1, OsPti1a, Spl28 and SL (Yamanouchi et al. 2002; Zeng et al. 2004; Wang et al. 2005; Mori et al. 2007; Takahashi et al. 2007; Qiao et al. 2010; Fujiwara et al. 2010) . Spl7 was the first rice lesion mimic gene to be cloned and encodes a heat stress transcription factor protein. The SPL11 protein contains both a U-box domain and an armadillo repeat domain and possesses E3 ubiquitin ligase activity (Zeng et al. 2004) . Rice OsLSD1 was identified by searching for Arabidopsis LSD1 homologs. The overexpression of OsLSD1 was found to accelerate callus differentiation in transformed rice tissues and increase the chlorophyll b content in transgenic rice plants, whereas the antisense transgenic rice plants exhibited a lesion mimic phenotype (Wang et al. 2005) . LMM Spl18 was isolated from activation-tagging lines of rice: the relevant gene, designated OsAT1, was found to be dominant, and the deduced protein showed sequence similarity to an acyl-transferase whose expression is induced by the hypersensitive reaction in tobacco (Mori et al. 2007 ). OsPti1a is a homologue of tomato protein kinase Pti1 and was shown to negatively regulate defence signalling for both R-gene-mediated and basal resistance (Takahashi et al. 2007 ). SPL28 encodes a clathrin-associated adaptor protein complex 1, medium subunit l1 (AP1M1), which is involved in the post-Golgi trafficking pathway (Qiao et al. 2010) . The first rice LMM, 'Sekiguchi', was identified in the early 1970s (Yin et al. 2000) . The 'Sekiguchi' lesion gene, SL, was isolated by map-based cloning and was shown to encode a cytochrome P450 monooxygenase that catalysed the conversion of tryptamine into serotonin (Fujiwara et al. 2010) .
Rice LMMs display enhanced or decreased disease resistance compared with their wild-type parents (Takahashi et al. 1999; Campbell & Ronald 2005; Huang et al. 2010) . However, the disease resistance of some mutants is not altered, suggesting that the lesion mutations either reside in the developmental cell death pathway or represent certain physiological disorders that are irrelevant to defence responses (Zeng et al. 2002) . Although different LMMs have uncertain levels of disease resistance compared with their wild-type parents, some of the LMMs that show broad-spectrum resistance may provide clues that will allow the regulatory network of disease resistance to be elucidated. In addition, these LMMs may have the potential to be used in the development of cultivars that are resistant to pathogens (Yin et al. 2000) .
Although many rice lesion mimic genes have been identified and characterised, genes mapped to rice chromosome 3 that confer a lesion mimic phenotype have not been reported previously. To our knowledge, two spotted leaf genes have been mapped to rice chromosome 3: spl-3 and Spl30 (t) (Yoshimura et al. 1997; Huang et al. 2011 ). The spl-3 gene was mapped between RFLP markers XNpb173 and XNpb348 on rice chromosome 3 (Yoshimura et al. 1997) ; according to the Gramene database, spl-3 and bl4 (or lrd9) are the same gene. Further information about spl-3 has not been reported to date. The other spotted leaf gene, Spl30 (t), was localised to a 348 kb chromosome segment flanked by markers HQN225 and RM15383 (Huang et al. 2011) .
In the present study, we identified a novel rice LMM, lm3, that spontaneously displayed leaf lesions in the absence of pathogen attack. We mapped theLM3 gene to a 29 kb region on chromosome 3 and attempted to identify the candidate gene responsible for the lesion mimic phenotype by DNA sequencing. The objectives were to accelerate the cloning of LM3 and expand our understanding of spontaneous cell death in rice. The mechanisms of regulation by LM3 of spontaneous cell death in the lm3 mutant are discussed.
Material and methods

Rice materials
A rice mutant with a lesion mimic phenotype was obtained via the mutagenesis of an indica variety, 93-11, using γ-ray radiation. The lesion mimic phenotype of this mutant was stably inherited for 7 generations. The M8 progeny of the mutant were crossed with japonica variety 02428, and the derived F2 population, consisting of 1,242 individuals, was used in the genetic analysis and primary mapping of the lesion mimic gene LM3. The 1,242 individuals of the F2 population were planted in June 2010 in Fuyang, Hangzhou, China. Another F2 population, which contained 1,205 homozygous recessive lesion mimic individuals, was used in the fine mapping of LM3. The second F2 population was planted in May 2011 in the same location as indicated above.
Statistical analysis of agronomic traits and disease resistance An analysis of variance (ANOVA) was conducted to evaluate the differences in the agronomic traits between lm3 and its wild-type parent, 93-11. The agronomic traits of four individual plants were examined. The ANOVA was performed using SAS software 8.1 (SAS Institute Inc., Cary, North Carolina, USA).
The blast isolate 'ZB15' and the bacterial blight isolate 'Zhe173' were used to examine the disease resistances of lm3 and 93-11, respectively. Six individual plants were inoculated and examined for each disease. We used a 0-9 scale to record the leaf reaction to the blast and bacterial blight diseases. The following scale was used for the blast reaction: 0 indicated no evidence of disease; 3 indicated small round or elliptical lesions with diameters of 1-2 mm; 6 indicated typical fusiform lesions, with the lesions occupying 11%-25% of the leaf area; and 9 indicated that the leaf was completely dead. The following scale was used for the bacterial blight reaction: 0 indicated that the lesion occupied < 5% of the leaf area, 3 that the lesion occupied 13%-25%, 7 that the lesion occupied 51%-75%, and 9 that the lesion occupied > 76% of the leaf area.
DNA extraction and marker analysis
Genetic analysis indicated that the lesion mimic phenotype of the lm3 mutant was controlled by a single recessive gene (see below). Accordingly, only those individuals demonstrating lesion mimic symptoms were analysed with molecular markers. The 'RM' SSR markers used in the present study were downloaded from the Gramene database (http://www.gramene.org/). The InDel markers used in this work are listed in Table 1 . The InDel markers were developed according to the method of Pan et al. (2008) .
DNA samples were extracted from fresh leaves using the TPS protocol described by Zhang et al. (2008) . A polymerase chain reaction (PCR) was performed in a 15 µL reaction volume containing 50-100 ng of template DNA, 10 mM Tris-HCl, 50 mM KCl, 1.5 mM MgCl2, 200 µM dNTP, 0.2 µM primer pairs and 0.7 U of Taq DNA polymerase (Dingguo Biotech Ltd., Beijing, China). The DNA amplification protocol included an initial 5 min at 94 . The PCR products were separated on 8% denaturing polyacrylamide gels and visualised using silver staining (Bassam et al. 1991) .
The SSR marker linkage map was constructed using MAPMAKER/EXP 3.0 (Lander et al. 1987) . The Kosambi mapping function was used to transform recombination fractions into genetic distances in cM. In12553  CCAACTCCTCCACCCTCT  CGCCGTGTTTTCTCCTA  118  5  In12560  TCCGAGGTCCAAGATAA  GGTGTAGCCAAGTAAGG  139  5  In12571  TGGAACATCAACCTCAAC  TGCTGCCATCGTCAACAT  144  16  In12582  GGCTTCATGGCTCCAC  TCCAGCACAACCTCCC  245  21  In12600  CATCATGCGCTGCCTACT  TGGGGTTTGTTCTTTCTAAT  68  4  In12604C  CCCATTTCTTCTTCCTCCA  TTATTGTCAGCGGCGATC  164  28  In12606  AATCGGGATACTGACAAC  CCCCTTTCTATTTGATGTA  134  5  In12611  GCGATTAGTTAGTGTTTGGG  ATTGGGCTAGTCTGGTGTA  140  7  In12616 AGGATTTCAGCCTCATAG CATCACGCACGCAGTTTA 107 12 *The InDel length was based on the difference in the sequence length between Nipponbare and 93-11. Table 2 . The primer pairs used for the DNA sequencing of 93-11 and lm3. CGAAGCGGATGGGATG  ATAGGGCGAGGGAGGTG  5-1B  GGCGTTGACAGGTAGA  GGTGTTTGATTGGTCGT  2A  ACAGCTAGGGTGTTATGCA  GTGACGAAGCGGGAGA  2B  GCAGGTGCGGTTCTTCA  ATCGGAAATGGATGGGTA  2C  GTGCTTCCTCCTCTTCTTCG  CGCTGTCCTGGATGTCGTA  2D  TCTGCGTCAAGTCGGTG  GGAGTGGCCCAGGATG  2E  ATCAACCAGAGCCAGTC  AGCCGAAGAAGAGGAG  3A  CAATCCGGCAGCACAG  AGGGAGGTTCCAGTAATAGG  3B  GTTATGGCGGAGACGG  ACGGCAAGAAGTTGGTAA  3G  CATCCGACGAGAAAGTGC  CCGCCTCAATCTGGTGT  3H  GGCATCGGTAAACAT  CTTCTTAGATAGCCACAAA  3I  TATGGCAATAGTGTTCTTC  TCAACCGTCCAGTCC  6A  CAAGGCTCCAGAAAGA  GCAGGTAAGCGTAGGG  6B  CTCAGCCTTAGACTTGTG  GGACTTAAACCGTTGC  6C  CCGTGGATTTGACAGAA  GGCGGTGGAACCTACA  6-1A  CCTTCCTCCTCCCTCT  CTTATGCTGCCGATTA  6-1B  TGAATCGGAGGGAGCAT  CGTGGGCACCAGTTTG  6-1C GATACTTTACCTCGTGC CATACGCTTGTTAGGA
Construction of the physical map and gene prediction
The markers tightly linked with the LM3 locus were anchored to the corresponding chromosome region using the nucleotide BLAST program (http://blast.ncbi.nlm.nih.gov/ Blast.cgi/) to search for the corresponding Nipponbare genome sequences. The DNA sequence within the candidate region was used for gene prediction, which was conducted using the Rice Genome Annotation Project database (http://rice.plantbiology.msu.edu/cgi-bin/gbrowse/rice/).
DNA sequencing
The corresponding sequences within the candidate DNA fragments of lm3 and 93-11 were amplified by PCR, and the products were used for DNA sequencing. The purification Fig. 1 . Leaf lesions of the lm3 mutant and comparisons of the blast and bacterial blight resistance between lm3 and 93-11. Bars = 1 cm. A -The brown lesions appeared randomly on different parts of the leaves in the lm3 mutant. The photograph was taken at the grain-filling stage. B -A comparison of the blast disease resistance between lm3 and its wild-type parent, 93-11. Arrows indicate the pinholes occurring after inoculation using an injector. The photograph was taken 9 days after inoculation. The blast isolate 'ZB15' was used for the inoculation. C -A comparison of the bacterial blight resistance between lm3 and 93-11. The bacterial blight isolate 'Zhe173' was used for the inoculation.
of the PCR products and the DNA sequencing were performed by BioSune Company, Ltd. (Shanghai, China). The mutated site between lm3 and 93-11 was confirmed twice by sequencing, and the DNA sequence comparison was conducted using DNAStar/MegAlign 5.0 Software (DNASTAR Inc., Madison, Wisconsin, USA). The primer pairs used for sequencing the candidate regions are listed in Table 2 .
Alignment of the uroporphyrinogen decarboxylase protein sequence
The rice uroporphyrinogen decarboxylase (UROD) protein sequence was taken from the annotation of the Nipponbare LOC Os03g21900 gene (http://rice.plantbiology.msu.edu/). The maize and tobacco UROD sequences were downloaded from GenBank (accession numbers AF058763 and X82833, respectively). The alignment of the protein sequences was performed using ClustalX 1.83.
Results
Phenotype and agronomic traits of the lm3 mutant
The lm3 mutant displayed necrotic brownish lesions on the leaves. The lesions appeared randomly on different parts of the leaves (Fig. 1A) and can be observed from the three-leaf stage to the ripening stage. We compared the agronomic traits between the mutant and its wild-type parent. The plant height and the heading date of lm3 were markedly different from those of 93-11. An ANOVA showed that lm3 had a shorter plant height and a delayed heading date (p < 0.0001), but other agronomic traits (i.e., seed setting, 1000-grain weight, panicle length and tiller number) were not different between the two types of plants (Table 3) .
The levels of resistance to blast and bacterial blight between lm3 and 93-11 were also compared. The blast disease rating for lm3 was significantly higher than that of 93-11 (p = 0.026) (Table 3, Fig. 1B ), indicating that lm3 had reduced blast resistance compared with its wild-type parent. In contrast, the bacterial blight resistance of lm3 was not much different than that of 93-11 (Table 3 , Fig. 1C ). The data listed in each column are the means ±SD. An ANOVA was performed to determine whether the differences between lm3 and 93-11 were significant. *P < 0.05, **P < 0.0001. 
Genetic analysis and primary mapping of LM3
The F 1 (lm3 / 02428) plants did not display lesion mimic symptoms. The leaf phenotypes in the F 2 population (1,242 individuals planted in 2010) clearly segregated into two types: 893 individuals did not show lesion mimic symptoms, whereas 349 individuals demonstrated lesion mimic symptoms, which fitted a 3:1 ratio (chi-square = 0.019, p = 0.8905). This ratio indicated that the lesion mimic phenotype was controlled by a single recessive gene. Among the 1242 F 2 plants, 144 individuals with lesion mimic phenotypes were analysed using SSR markers, and the LM3 locus was localised to a region defined by two SSR markers, RM5748 and RM14906, with genetic distances of 0.3 cM and 0.7 cM, respectively ( Fig. 2A) . To further map the LM3 locus, InDel markers were developed (Table 1) , and 336 lesion mimic individuals from the 1242 F 2 population were examined. We found that two InDel markers, In12571 and In12611, flanked the LM3 locus and that three InDel markers (In12600, In12604C and In12606) co-segregated with LM3 (Fig. 2B ).
Fine mapping of LM3
Using another 1205 homozygous recessive F 2 plants with lesion mimic symptoms (planted in 2011), the LM3 locus was mapped to a region on chromosome 3 between markers In12571 and In12600. The LM3 gene cosegregated with marker In12582 (Fig. 2C) LOC Os03g21900 is the most likely candidate gene for LM3 As five ORFs were predicted in the 29 kb candidate region, the genomic DNA within the 29 kb region was sequenced to determine which ORF carried the lm3 mutation. We detected a SNP between 93-11 and lm3 in the LOC Os03g21900 gene region. Because no polymorphisms between 93-11 and lm3 were detected in the other four predicted ORFs, we considered LOC Os03g21900 to be the most likely candidate gene forLM3. Based on the MSU Osa1 Rice Gene Models (http://rice.plantbiology.msu.edu), the LOC Os03g21 900 region consisted of six exons and five introns (Fig. 3A) , and the LOC Os03g21900 coding sequence length is 1173 bp, encoding a 390-amino acid UROD protein. A comparison of the LOC Os03g21900 sequences of 93-11 and lm3 plants revealed a nucleotide mutation in the fourth exon. The SNP at site 418 of the coding sequence is a missense mutation (from a cytosine in 93-11 to a thymine in lm3) that alters the 140 th amino acid of the LOC Os03g21900 protein, resulting in the substitution of a proline (P) in 93-11 with a serine (S) in lm3 (Fig. 3A, B) . Nipponbare and 93-11 were found to carry the same base (cytosine) at base 418 of the coding sequence.
It has been reported that a mutation in the UROD gene is responsible for the phenotype of a maize lesion mimic mutant (Hu et al. 1998) , and it was demonstrated that a reduction in the UROD level led to the formation of necrotic leaf lesions in tobacco (Mock & Grimm 1997) . Accordingly, we compared the rice UROD protein sequence with the corresponding sequences in maize and tobacco. The alignment of the 390-amino acid sequence of rice UROD, the 393-amino acid sequence of maize UROD and the 391-amino acid sequence of tobacco UROD is illustrated in Fig. 4 . Many identical residues were found among the three plant species within the region from the amino acids 61 to 390 of the rice sequence (Fig. 4) . As shown in Fig. 4 , the three plant species carry the same amino acid (proline) at the mutated site in lm3, i.e., amino acid 140 of rice UROD.
Discussion
In the present study, we mapped a novel rice lesion mimic gene, LM3, and identified the most likely candidate locus, LOC Os03g21900. The rice LOC Os03g21 900 gene encodes a UROD protein consisting of 390 amino acids. UROD is a key enzyme in the biosynthetic pathway of chlorophyll and heme in plants (Von Wettstein et al. 1995) . Previous studies have shown that the alteration of the UROD gene results in the formation of leaf lesions (Mock & Grimm 1997; Hu et al. 1998) . Interestingly, the results of our study also showed that there was a relationship between the rice UROD gene and the formation of necrotic leaf lesions. We speculated that the relationship between lesion formation and the mutation in the UROD gene was not coincidental. We found that the lm3 mutant displayed a shorter plant height and delayed flowering compared with its wild-type parent, and a reduced growth rate and delayed flowering were also observed by Mock & Grimm (1997) in transgenic tobacco lines with reduced UROD levels. These authors reported that the reduced UROD level caused the accumulation of uroporphyrin, and concluded that the photooxidation of the accumulating uroporphyrin leads to the generation of oxygen species destabilising other enzymes in the porphyrin metabolic pathway. They further proposed that oxygen radicals cannot be efficiently detoxified under specific light-period (or light intensity) conditions in uroporphyrin-accumulating plants, a situation that eventually leads to cell death (Mock & Grimm 1997) . Mutations in the UROD gene in humans cause porphyria, a genetic disorder that results from the excessive accumulation of uroporphyrin (Roberts et al. 1995; Hu et al. 1998) , thus demonstrating the importance of UROD in both humans and plants.
In this study, we found that the lm3 mutant displayed reduced blast disease resistance compared with its wild-type parent, though its bacterial blight resistance did not change. LM3 is predicted to encode a UROD protein. But it is unclear whether the defect in the UROD gene resulted in the alteration of the dis-ease resistance of lm3 to fungal diseases. The role that rice UROD may play in disease resistance is also uncertain. Further investigations are required to address these topics.
